Ab initio MO calculations were carried out, at the MP2/6-311++G(d,p)//MP2/6-311G(d,p) level, to investigate the Gibbs energy of conformational isomers of (R)-α-phellandrene and related 5-alkyl-1,3-cyclohexadienes. It has been found that the conformer bearing the 5-alkyl group in axial orientation is more stable than the equatorial congener. The result is consistent with experimental evidence that the axial-isopropyl conformer prevails in the conformational equilibrium of α-phellandrene. The reason for the stability of the folded conformer has been sought in the context of the CH/π hydrogen bond. A number of short non-bond distances have been disclosed in the axial conformers, between CHs in the 5-alkyl group and sp2-carbons of the cyclohexadiene ring. The helical sense of the conjugated dienes in the axial conformers has been shown to be left-handed, whereas that of the equatorial conformers is right-handed. We suggest that the stability of the folded conformation often observed in conjugated diene compounds of natural origin, such as α-phellandrene and levopimaric acid, is attributed to an attractive molecular force, the CH/π hydrogen bond.
Introduction
Understanding of the factors influencing the relative stability of substituted cyclohexanes has long been a subject of controversy in stereochemistry. The difference in the conformational Gibbs energies between axial-and equatorial-alkyl cyclohexanes (ΔG ax-eq ) is 1.74, 1.79, 2.21 and 4.7 kcal mol -1 , respectively, for methyl, ethyl, isopropyl and t-butyl cyclohexane. 1 These numbers are referred to as the A-values, though there are variations depending on the experimental condition.
The above A-values, however, are valid only for the saturated cyclohexane system. For instance, shifts in the equilibrium have been reported for structurally related carbonyl compounds. 2 Namely, the axial conformers in 2-alkyl 3,4,5 and 3-alkyl cyclohexanones 6 are relatively favored as compared to those in alkyl cyclohexanes. This is known as the alkylketone effect. The alkylketone effect is important in stereochemistry since implication of this effect extends to conformational problems of terpenic ketones such as isomenthone (cis-2-isopropyl-5-methylcyclohexanone) 1 and isocarvomenthone (cis-2-methyl-5-isopropylcyclohexanone) 2. For isomenthone, the axial-isopropyl conformation (ae-1) has been reported to be an important contributor in the equilibrium (Scheme 1a). For isocarvomenthone, it has been shown that the isopropyl-axial conformer (ae-2) prevails in the equilibrium (Scheme 1b).
ae-2 ea-2 Scheme 1. Conformational equilibrium of (a) isomenthone 1 and (b) isocarvomenthone 2.
The above results are remarkable in view of the severe "steric constraint" expected in the axial-alkyl conformer of these compounds. Effort has since been made by many workers to explore the origin of this phenomenon. The earlier interpretations were based, basically, on the relief of a 1,3-diaxial repulsion, which may be brought about by replacing a methylene group of cyclohexane with a carbonyl group. Thus, replacement of a CH 2 by a C=O group might stabilize the axial alkyl substituent, relative to the equatorial conformation.
In a previous paper, we presented another interpretation for the alkylketone effect. Thus, the difference in the conformational Gibbs energy (ΔG ax-eq ) was estimated, by high-level ab initio MO calculations, for 2-and 3-alkylcyclohexanones, isomenthone 1 and isocarvomenthone 2. 8 The ΔG ax-eq values have been found much smaller than the corresponding data of saturated cyclohexanes. In every axial alkyl conformer, short interatomic distances have been noted between a CH hydrogen of the alkyl group and the carbonyl carbon atom. Figure 1 illustrates this, schematically, for 1 and 2. The proportion of the axial-isopropyl conformer in the equilibrium has been estimated to be more than 50% and 75%, respectively, for 1 and 2; the computed result is consistent with documented experimental data. In view of the above finding, we concluded that the relative stability of the axial alkyl groups in alkyl cyclohexanones is a consequence of an attractive molecular force, the CH/π hydrogen bond. 10, 11, 12 The CH/π hydrogen bond is a weak molecular force occurring between a CH (soft acid) and a π-group (soft base). There, the stabilizing interaction occurs between a CH of the alkyl group and the carbonyl π-system in the cyclohexanone ring.
With respect to unsaturated cyclohexane systems such as 5-alkyl-1,3-cyclohexadienes, it has been known that an appreciable concentration of a conformer with a quasi-axial 5-alkyl group exists in the conformational equilibrium (Scheme 2).
, the conformer bearing a quasi-axial isopropyl group has been reported to prevail in solution 13 , 14 , 15 (Scheme 3). The genesis of the stability of the axial conformation remained unexplained, however.
Scheme 3. Conformational equilibrium of α-phellandrene
Herein, we present our interpretation that the above peculiar phenomenon (in view of the usual stereochemical considerations) is a consequence of the CH/π hydrogen bond, which occurs between CHs of the alkyl group and the conjugated diene moiety. This suggestion is important since the implication of this effect will extend to the stereochemical problem of terpenic and steroidal dienes, including levopimaric acid and cholesta-2,4-diene.
Method
The Gaussian 03 program 16 was used. Electron correlation energies were calculated by applying the second order Møller-Plesset (MP2) perturbation theory. The geometry of axial and equatorial conformers was optimized at the MP2/6-311G(d,p) level of approximation. Using these geometries, single point calculations were performed, at the MP2/6-311++G(d,p) level, to estimate the energy of the conformers. Vibrational frequencies were calculated using the analytical second derivatives at the same level of the geometry optimization for each conformer. Using these results, the thermal energy corrections were added to the total Gibbs free energy at 298.15 K and 1 atmosphere of pressure. Table 1 summarizes the relative Gibbs energies (G rel ) and abundance of the conformational isomers of 5-alkyl-1,3-cyclohexadienes 3 (X = CH 3 ) and 4 (X = H). Three axial and equatorial conformers were found when R = C 2 H 5 and i-C 3 H 7 . The difference in the conformational energies (ΔG ax-eq ) for the ethyl and isopropyl compounds was calculated, therefore, by taking account of the abundance of all the conformers. 
Results and Discussion

Conformational Equilibrium of 1,3-Cyclohexadienes
Total abundance is given in italics. c) Calculated by taking account of the abundance of three axial and three equatorial conformers. Table 1 reveals several interesting points. First, the proportion of the axial-alkyl conformer is larger in 3 (X = CH 3 ) than in 4 (X = H). We think this to reflect the difference in the π-density of the diene system. Introduction of a methyl group to position 2 might have increased the electron density of the conjugated π-system.
Second, it is noted that in every case, except for 4, R = CH 3 and t-C 4 H 9 , the axial conformer is more stable (negative ΔG ax-eq ) than the respective equatorial congener. The proportion of the axial-ethyl and axial-isopropyl conformer is rather high. Thus, the population of the axial conformer increases on going from R = methyl to ethyl and isopropyl, and then drops when R = t-butyl group: 53 64 90 65% for 3 and 49 61 80 47% for 4. It is remarkable that the axial conformer prevails in the equilibrium of the t-butyl derivative of 3. The above result is in conflict with the general understanding that an increase of the bulkiness of a substituent will disfavor the axial conformation. We will discuss on this point later.
CH/C(π) Nonbond Distance
In view of the above results, we thought that an attractive molecular interaction, the CH/π hydrogen bond, plays a crucial role in bringing about the folded conformation of 3 and 4 stable. To test this idea, we examined the interatomic distance and angle parameters of relevant C-H and sp2-C in the conjugated diene moiety. Table 2 lists the results. Figure 2 illustrates the most stable axial conformers of 3. Notice that a number of short CH/C(sp2) distances are found in every axial conformer. These values are, in most cases, shorter than the sum of the van der Waals radii (1.2 Å for H and 1.77 Å for sp2-C = 2.97 Å). 17, 18 In many cases the number of atoms forming the CH/π hydrogen bond (N) is 5 or 6, but formation of 7-membered CH/π hydrogen bond seems possible. Table 2 also lists an angle parameter θ, defined by the C-H and an interacting sp2-carbon (C1, C2, C3, or C4). The angle θ falls between ca. 90-98° for N = 5, while this is ca. 103-119° for N = 6. This is comprehensible since most intramolecular weak hydrogen bonds (OH/π, 19, 20, 21 NH/π, 22 CH/O 23, 24 ) occur in such a range. From the above results we suggest that the axial conformation of 3 and 4 is stabilized by an attractive molecular force, the CH/π hydrogen bond. 25 The abundance of the axial-isopropyl conformer for α-phellandrene (89.6%) is understood in terms of the concurrent action of several CH/π hydrogen bonds [see Figures 2 (c), 2 (d), and 2 (e)].
Figure 2. CH/π short distances disclosed in the most stable conformers of 3.
The yellow dotted line indicate short CH/π contacts (Å); the C-H…C(π) angles (º) are shown by blue.
Comparisons with Experimental Data
In 1961, Burgstahler, Ziffer and Weiss reported that α-phellandrene exists in the folded conformation in solution and the sense of the diene helix is left-handed. 26 It has been shown, by variable-temperature CD measurements, that the conformer bearing the axial isopropyl group preponderates. In agreement with the above suggestions, [13] [14] [15] 21 the present calculated result (ΔG ax-eq -1.27 kcal mol -1 ) shows that the axial conformation is preferred (ca. 90%) to the equatorial conformer (ca. 10%). Lightner et al. 27 estimated the Gibbs energy difference (ΔG ax-eq ) to be < 0.05 kcal mol -1 for (+)-(5R)-methyl-1,3-cyclohexadiene (4, R = CH 3 ) and ca. 0.4 kcal mol -1 for (+)-(5R)-t-butyl-1,3-cyclohexadiene (4, R = t-C 4 H 9 ). The conformational equilibrium of (-)-(R)-α-phellandrene (3, R = i-C 3 H 7 ) was also studied and they reported a positive value (ca. 0.25 kcal mol -1 ) for ΔG ax-eq . These data are at variance, however, with the suggestions by other workers. [13] [14] [15] Table 3 summarizes the dihedral angles τ defined by atomic sequence C1-C2-C3-C4 in these compounds. Figure 3 illustrates this for the axial and equatorial conformers of 3 (R = CH 3 and t-C 4 H 9 ). Table 3 . Dihedral angles τ a) defined by the atomic sequence C1-C2-C3-C4 in the axial and equatorial conformers of 3 and 4 The sense of the diene helicity has been shown to be left-handed in the axial conformers, while it is right-handed in the equatorial conformers. This agrees with the so-called diene-helicity rule. 28, 29, 30 We do not mean, however, the above result to show the rightness of this rule. The diene-helicity rule, in its original form, states that the sign and amplitude of the Cotton effect is determined, primarily, by the sense and the amount of the diene helicity. This has been criticized later by Burgstahler and coworkers; 31 they found that influence of neighboring alkyl groups overrides the effect of the diene skewness. This is especially true when an alkyl (mostly methyl) group is present at the homo-allylic position 10 to the diene system.
Helicity of the Diene Moiety
Another notable feature of the present result is that the twist angle⏐τ⏐ of the diene is smaller in the axial conformers (13.5-16.0°) than in the equatorial conformers (16.9-17.9°). We feel that the conformational equilibrium and the chiroptical property of α-phellandrene and related 1,3-cyclohexadienes should be re-investigated 32 in view of the above findings that the difference in the skewness is not trivial between the axial and equatorial conformers. Further, the contribution of CH/π hydrogen bonds is different among the alkyl derivatives, depending of the nature (CH or CH 3 , 5-or 6-membered) and the number of interacting C-H groups. The π or π* orbital of the diene chromophore may be perturbed in different ways, by virtue of the CH groups that are suitably oriented for an interaction to take place; the Cotton effect at the π/π* transition will be influenced, accordingly. 33, 34, 35 
Conclusions
Ab initio MO calculations were carried out, at the MP2/6-311++G(d,p)//MP2/6-311G(d,p) level, to investigate the Gibbs energy of conformational isomers of 5-alkyl-1,3-cyclohexadiene compounds. The result is consistent with previous experimental data that the axial-isopropyl conformer of α-phellandrene predominates in the conformational equilibrium. The reason for the stability of the axial-alkyl conformers has been sought in the context of the CH/π hydrogen bond. In agreement with this hypothesis, a number of short non-bond distances (with proper angle parameters) have been disclosed, between CHs in the alkyl group and the sp2-carbons, in the stable conformers of 5-alkyl-1,3-cyclohexadienes. We conclude that the stability of the folded conformation in these compounds is understood in terms of an attractive molecular force, the CH/π hydrogen bond.
